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Filtered phosphate is reabsorbed exclusively in the proximal convoluted tubule of the kidney (33) . The apical membrane contains three sodium-dependent phosphate transporters, Npt2a, Npt2c, and Pit-2, which collectively represent the rate-limiting step in transcellular phosphate transport. The exit step for phosphate across the basolateral membrane is not currently known but does not appear to be a regulated process, at least by the three hormones under discussion. Of the three apical membrane transporters, Npt2a, initially cloned and characterized by Murer and colleagues (29) , is the best studied. In rodents, it is the major phosphate transporter, accounting for 75-80% of phosphate transport (5) . Although the absence of Npt2c in mice has no effect on basal phosphate homeostasis due to an increase in the abundance of Npt2a, mutations in Npt2c have been identified in some patients with hereditary hypophosphatemic rickets with hypercalciuria, a disease characterized by renal phosphate wasting (7, 34) . It is unclear at the present time why regulation of Npt2a could not compensate for the loss-of-function mutation of Npt2c in this disease state as it does when Npt2c is absent as in the null mice. This question is under active investigation in several laboratories.
Proximal tubule phosphate transport correlates with the apical membrane expression of Npt2a. As detailed by Murer and colleagues in an elegant series of studies over several years, an increase in the abundance of Npt2a in the apical membrane of the renal proximal tubule is associated with increased rates of phosphate transport (Reviewed in Refs. 10 and 29). Phosphate transport is decreased when Npt2a is endocytosed by a clathrin-mediated pathway and targeted for degradation in lysosomes (23, 39) . Renal phosphate transport is inhibited by 30 -50% within 30 -45 min after treatment of renal proximal tubule cells with PTH, dopamine, or FGF-23, associated with a proportional decrease in the abundance of Npt2a in the apical membrane (10, 12, 15, 25, 26, 52) . Npt2a removed from the apical membrane, unlike some other transporters, channels, and receptors, does not recycle back to the apical membrane (38) . In this review, we focus on the inhibitory effects of PTH, dopamine, and FGF-23 on the Npt2a transporter, comparing and contrasting the mechanisms for regulation of Npt2a expression.
Npt2a and the PDZ Domain NHERF Adaptor Proteins
NHERF-1 and NHERF-2 are the first two members of a four-protein family of PDZ domain adaptor proteins (46, 57) . NHERF-1 and NHERF-2 contain two tandem PDZ domains in the N-terminus of the protein and an ezrin, radixin, moesin, merlin (MERM) binding domain in the C-terminus. NHERF-1 and NHERF-2 are localized to the apical membrane of renal proximal tubule cells where they facilitate the formation of protein complexes (43, 44) . NHERF-1 and NHERF-2 bind and affect the action of the PTH1 receptor (see below) while NHERF-1 also binds to the Npt2a transporter. By yeast-2 hybrid analysis, NHERF-2 is also capable of binding to Npt2a but NHERF-2 null mice have normal targeting of Npt2a to the apical membrane of proximal convoluted tubule cells and are capable of maintaining a normal serum phosphate concentration (14) . The importance of NHERF-1 in phosphate metabolism was established from the initial studies of the NHERF-1 null mouse that exhibited hypophosphatemia and an increase in the renal excretion of phosphate associated with a decrease in the abundance of Npt2a in the apical membrane of renal proximal tubule cells (37) . Subsequent studies using cultured cells and adenovirus vectors to rescue NHERF-1 null proximal tubule cells indicated that NHERF-1 increases the apical membrane abundance of Npt2a (13) . In the context of this discussion, three sets of observations provided insights into the possible mechanism by which PTH inhibited phosphate transport in the kidney. First, under a number of experimental circumstances including alterations in the dietary intake of phosphate and PTH treatment, there were changes in the apical membrane abundance of Npt2a but not NHERF-1 (12.13, 16) . Second, the phosphorylation of NHERF-1 was increased by PTH (16, 47) . Third, despite the normal activation of PKA and PKC by PTH, phosphate transport in NHERF-1 null cells was resistant to the inhibitory effects of not only PTH itself but also activators of both PKC and PKA (13) . The introduction of NHERF-1 into these NHERF-1 null cells increased basal phosphate transport and restored the inhibitory effect of PTH (13, 47) . Collectively, these observations suggested that NHERF-1 functioned as a membrane retention signal for the Npt2a transporter, that NHERF-1 was the target of the downstream protein kinase cascades activated by occupancy of the PTH1 receptor, and that PTH-mediated phosphorylation of NHERF-1 resulted in the dissociation of NHERF-1/Npt2a complexes.
PTH
Greenwald and Gross (19) were the first to demonstrate that parathyroid gland extract increased the urinary excretion of phosphate. The biochemical and molecular details of how PTH regulated renal phosphate transport, however, were unknown for many years. Renal proximal tubule cells express PTH1 receptors on both the apical and basolateral membrane of the cells. Earlier studies established that treatment of apical membranes with PTH activated PKC while PTH activated the cAMP/PKA pathway in basolateral membranes (22, 40) . Resolution of this paradox was provided by Mahon and colleagues (27) and Friedman and coworkers (55), who demonstrated that the apical membrane PTH1 receptor bound to the PDZ domain adaptor proteins NHERF-1 and NHERF-2, also localized to the apical membrane of these cells. When bound to either NHERF-1 or NHERF-2, the apical receptor signaled by activation of PKC. In the absence of these adaptors, the receptors signaled by generation of cAMP and activation of PKA.
One of the targets of PKC and PKA is NHERF-1 (16, 17, 47) . Curiously, Npt2a is likely not a target of these signaling pathways despite the presence of a number of consensus sequences for PKC phosphorylation (16) . Using a variety of cellular assays coupled with confocal microscopy, we have advanced evidence that PTH results in the dissociation of Npt2a/NHERF-1 complexes (16, 47) . Within second to minutes after the start of treatment with PTH, PKC is activated (51) . This activation is associated with an increase in the lateral mobility of the Npt2a transporter in the apical membrane of proximal tubule cells in the ensuing 10 min, after which mobility returns to baseline (48) . The increase in lateral mobility is dependent on the presence of NHERF-1 and the C-terminal PDZ binding motif of the Npt2a transporter. These findings suggest that this early increase in lateral mobility represents the dissociation of Npt2a from NHERF-1 while the return to baseline represents the association of Npt2a with other proteins that mediate its endocytosis. Thus, by 10 -15 min after treatment, the apical membrane abundance of Npt2a but not the abundance of NHERF-1 begins to decrease, associated with a decrease in phosphate transport, which is maximal by 30 -45 min (51) .
Using sucrose density gradient ultracentrifugation, we have estimated that 35-50% of Npt2a in the apical membrane of proximal tubule cells is bound to NHERF-1 and that this pool of the transporter is the unique target of the downstream protein kinase cascades of the occupied PTH1 receptor (47) . In the absence of NHERF-1, renal tubule cells are resistant to the inhibitory effects of PTH. These findings indicate either that NHERF-1 is the target of PKC and PKA or that in some manner; the presence of NHERF-1 facilitates the phosphorylation of Npt2a or other associated proteins. Given that Npt2a is not a phosphoprotein itself and that the phosphorylation of NHERF-1 is increased by PTH, the direct phosphorylation of NHERF-1 appears to be the central event in its dissociation from Npt2a (16, 47) .
The phosphorylation of NHERF-1 has been under study for some years. Evidence to date suggests that site-specific phosphorylation of NHERF-1 may determine the extent of dimerization, the binding of target proteins such as CFTR to the PDZ II domain, and the association of the C terminus of NHERF-1 with its own PDZ II domain (31, 35, 36) . The vast majority of NHERF-1 binding targets including Npt2a, however, involve the first PDZ domain. Cellular studies using protein phosphatase inhibitors and expressed NHERF-1 PDZ I domains indicated that serine 77 was the major phosphate acceptor in the PDZ I domain while threonine 95 was a secondary acceptor site (42) . Quantitative pull-down studies showed that the phosphorylation of the PDZ I domain decreased the recovery of Npt2a. This suggested that phosphorylation of the PDZ I domain might regulate the apical membrane abundance of Npt2a and the rate of phosphate transport in renal proximal tubule cells. To test this more directly, we studied the effect of PTH on phosphate transport in NHERF-1 null cells infected with wild-type adenovirus-NHERF-1 or adenovirus-NHERF-1 containing a S77A mutation (47) . While both constructs increased basal phosphate transport, mutation of serine 77 to alanine blocked the inhibitory response to PTH. By contrast, mutation of serine 77 to the phosphomimetic aspartic acid resulted in a lower rate of phosphate transport, a rate which approximated the effect of PTH on cells infected with wildtype adenovirus-NHERF-1 (47) . Serine 77 is in the ␣-helix forming part the protein binding groove of the PDZ-I domain of NHERF-1 (45) . This residue does not face the groove directly, but our findings suggest that the conformational changes associated with phosphorylation of serine 77 decreased its association with Npt2a. In later studies, we confirmed that mutation of serine 77 to aspartic acid decreased the binding affinity for Npt2a (49) .
The precise relationship between threonine 95 and the binding groove of the PDZ I domain is not known since this residue was not included in the only available crystal structural analysis of NHERF-1 (45) . Mutation of threonine 95 to alanine or aspartic acid does not affect the binding affinity of Npt2a to NHERF-1 (49) . Rather, phosphorylation of threonine 95 or the phosphomimetic mutation T95D facilitates PKC-mediated phosphorylation of serine 77 . Mutation of threonine 95 to alanine blocks the inhibition of phosphate transport by PTH (49) . Expressed another way, there is cooperative phosphorylation of threonine 95 and serine 77 to affect the inhibition of phosphate transport by PTH.
For PTH, then, we propose the following mechanism to explain inhibition of renal phosphate transport. PTH interacts with PTH receptors in the apical and basolateral membranes of renal proximal tubule cells. PKC and PKA are activated. Most but not all studies would suggest that the rapid activation of PKC results in the phosphorylation of serine 77 provided threonine 95 is also phosphorylated, resulting in the dissociation of Npt2a/NHERF-1 complexes. The initial dissociation is manifest by an increase in the lateral mobility of the Npt2a transporter, followed by its reassociation with other proteins that decrease its mobility and facilitate its endocytosis from the apical membrane, a process that takes ϳ10 -15 min in a model cell system like opossum kidney (OK) cells. The decrease in the abundance of Npt2a, in turn, is associated with a decrease in the transport of phosphate. The inhibition of phosphate transport is maximal by 30 -45 min after treatment with PTH, and the degree of inhibition averages 40 -50% of the basal rate of transport, using a maximal concentration of the hormone (51) .
In this model, the precise role of activation of PKA is uncertain. Using recombinant proteins and in vitro assays, PKC but not PKA can directly phosphorylate serine 77 of NHERF-1 (47). In cellular assays, however, both PKC and PKA are capable of phosphorylating this residue, suggesting that PKA is acting through an indirect pathway. The potential role of PKA activation is further confused by the findings that pharmacological block of the cAMP/PKA pathway does not affect PTH-mediated inhibition of phosphate transport (11, 15) . Suffice it to note that the role of PKA activation in PTH-mediated inhibition of renal phosphate transport is controversial at the present time and will require additional study (24, 25, 30) . Nonetheless, we have speculated that activation of PKA by PTH may affect the duration or intensity of the PTH response, perhaps by activating an unknown protein phosphatase, but this speculation is not yet confirmed. However, it was this issue, i.e., understanding the role of PKA in mediating inhibition of phosphate transport, that led us to initiate studies of dopamine, another hormone that inhibits renal phosphate transport associated with activation of both PKC and PKA.
Dopamine
Dopamine interacts with two classes of receptors in the kidney. The D1-like receptors (D1 and D5) are associated with activation of PKA while the D2-like receptors (D2, D3, and D4) are associated with inhibition of adenylate cyclase (20) . The D1 receptor, which is present in the renal proximal tubule, is also linked to activation of PKC (1) . As in the case of PTH, the exact role of each pathway was uncertain but it was generally agreed that dopamine inhibited phosphate transport in the kidney by a PKA-mediated pathway (3, 26) . In agreement with this model, we also found that the inhibitory effect of dopamine on phosphate transport could be blocked by pharmacological agents that disrupt the interaction of cAMP with PKA (15). However, the inhibitory effect of dopamine could also be blocked by inhibitors of PKC. Additional studies demonstrated that in mouse proximal tubule cells, activation of PKA activates PKC (15) . Thus, in contrast to PTH which directly stimulated PKC, activation of PKC in response to dopamine required initial activation of PKA, which, in turn, stimulated PKC to inhibit phosphate transport. Tissue studies indicated that dopamine, like PTH, phosphorylated threonine 95 and serine 77 of the first PDZ domain of NHERF-1 and that an alanine substitution at either site blocked the inhibitory effect of dopamine on phosphate transport (49) . A somewhat surprising finding was that stimulation of PKA and PKC in response to dopamine was absent in cultured proximal tubule cells from NHERF-1 null animals (50) . Rescue of these cells using wild-type adenovirus-NHERF-1 restored the response to dopamine. Thus the D1-like receptors require NHERF-1, but unlike the PTH1 receptor, NHERF-2 cannot substitute for NHERF-1.
With few exceptions, experiments designed to examine the effects of dopamine on renal mineral and electrolyte transport have studied the effects of exogenous dopamine. Only a few studies have attempted to directly examine the effects of endogenous dopamine (2) . Phosphate adaptation refers to the ability of the kidney to rapidly alter the rates of phosphate excretion in the urine in response to alterations in the dietary intake of phosphate (38) . The sensing mechanism for this effect appears to be the cells of the small intestine (9) . The signal between the gut and the kidney is not known, but evidence has been advanced to indicate that it does not involve PTH, vitamin D, FGF-23, or renal nerves. In an older and largely forgotten study in rats, Knox and colleagues (8) demonstrated that feeding a diet high in phosphate increased the renal excretion of dopamine. We have recently reexamined the role of dopamine in mediating the acute (24 h) response to feeding a high-phosphate diet (53) . In mice, feeding a highphosphate diet increased the renal content of dopamine as well as the urinary excretion of dopamine associated with activation of PKA and PKC, the downstream signaling pathways used by the dopamine D1-like receptors. In animals fed a high-phosphate diet, there was a significant increase in the abundance and activity of renal dopamine decarboxylase and significant reductions in the enzymes involved in dopamine degradation, namely, renalase, monoamine oxidase A, and monoamine oxidase B. Treatment with carbidopa to inhibit dopamine biosynthesis blocked the increase in the urinary excretion of dopamine in response to a high-phosphate diet and decreased the urinary excretion of phosphate. Although the signal by which alterations in the dietary intake of phosphate affect dopamine synthesis and degradation is not known, these studies indicated that endogenous dopamine plays an important role in the initial adaptation to a diet high in phosphate. To date, we have not specifically examined time periods exceeding 24 h of dietary phosphate adaptation but reasoned that the D1-like receptors would likely undergo time-dependent desensitization and that the sustained adaption to a high-phosphate diet would require non-dopamine-related processes, such as the generation of FGF-23.
FGF-23
The discovery of the biological effects of FGF-23 has been a major advance in the understanding of phosphate and vitamin D metabolism. The effects of FGF-23 are specific to this hormone, and no other member of the FGF family of proteins reproduces its biological effects. FGF-23 inhibits the renal tubule reabsorption of phosphate and also blocks the conversion of 25(OH)-vitamin D to 1,25(OH) 2 vitamin D in the proximal tubule of the kidney (32) . FGF-23 concentrations are increased in humans and animals ingesting a high-phosphate diet, increased in patients with renal insufficiency presumably in response to hyperphosphatemia, and suggested to be a biomarker for the progression of renal insufficiency and for the development of arterial disease. Elevations in FGF-23 concentrations are causative in clinical diseases such oncogenic hypophosphatemic osteomalacia, autosomal dominant hypophosphatemic rickets, and X-linked vitamin D-resistant rickets. In patients with oncogenic hypophosphatemic osteomalacia, removal of the FGF-23-producing tumors cures the metabolic defects (21, 32) .
FGF-23 binds to a number of FGF receptor subtypes and requires klotho as a cofactor. The interaction between klotho and the FGF receptor confers tissue specificity to the actions of FGF-23 by allowing the hormone to bind its receptor complex with greater affinity. In cultured OK cells and in perfused rabbit renal proximal tubules, FGF-23 in the presence of heparin to stabilize the FGF-23/klotho receptor complex acutely inhibits phosphate transport (4, 56) . The signaling pathway involves activation of MAPK but not PKC or PKA, and the inhibition of phosphate transport is associated with a decrease in the apical membrane abundance of Npt2a. In NHERF-1 null mice renal slices and cultured proximal tubule cells, FGF-23 does not affect phosphate transport despite normal activation of MAPK (52) . Thus, like PTH and dopamine, FGF-23 targets the pool of Npt2a bound to NHERF-1 in the apical membrane of proximal tubule cells. In cultured cells, rescue of the cells with wild-type NHERF-1 increases the basal rate of phosphate transport and restores the inhibitory effect of FGF-23. Rescue of the NHERF-1 null cells with NHERF-1 containing a serine 77 -to-alanine mutation also increases basal phosphate transport but not the inhibitory effect of FGF-23 on phosphate transport. These findings are identical to those found in studies of PTH and dopamine and highlight the central role of serine 77 and its interaction with Npt2a as a target of these three inhibitory hormones. In contrast to PTH and dopamine, which require the phosphorylation of threonine 95 (or a T95D phosphomimetic mutation) to inhibit phosphate transport, rescue of NHERF-1 null cells with NHERF-1 containing a threonine 95 -to-aspartic acid mutation blocks the inhibitory effect of FGF-23 (52) . The reasons for the differing role of threonine 95 in PTH-and dopamine-mediated inhibition of phosphate transport compared with the inhibition of phosphate transport mediated by FGF- 23 have not yet been explored. It remains possible that the T95D mutation is ineffective as a phosphomimetic substitution, although we think this unlikely since a T95A mutation yielded the same results as wild-type NHERF-1 in the FGF-23 studies but not in the PTH or dopamine experiments. One possible explanation may relate to the way PKC compared with MAPK accesses the serine 77 site. At the present time, the inability to generate threonine 95 and serine 77 site-specific phosphoantibodies has been a major experimental issue in pursuing these questions.
Whatever the explanations for the differences between the inhibitory effect of PTH and FGF-23 on phosphate transport, it seems clear that these two potent hormones affect phosphate transport differently, which raises the question of how these hormones might interact with one another. In this regard, there was a clinical report that indicated that the hypophosphatemia associated with elevated levels of FGF-23 could be abrogated by treatment with drugs that inhibited the release of PTH (18) . The serum concentrations of phosphate and 1,25-dihydroxy vitamin D are determinants of both PTH and FGF-23 levels, and perturbations in the levels of PTH might be predicted to affect the concentration and/or metabolic actions of FGF-23. In addition, evidence has been advanced that FGF-23 directly inhibits PTH synthesis and release from parathyroid glands (6) . Recent studies from our laboratory, however, have suggested a heretofore unrecognized interaction between these hormones directly at the level of renal proximal tubule cells. In renal slices from the mouse kidney, FGF-23 and PTH, in doses that individually had no effect on PKC, PKA, or MAPK activity and did not affect phosphate transport in the kidney, dramatically inhibited phosphate transport when cells were treated with low concentrations of both hormones simultaneously (52) . Moreover, the combined low doses of PTH and FGF-23 stimulated PKC and PKA activity but not MAPK. These findings would suggest that FGF-23, in some manner, sensitizes renal proximal tubule cells to PTH. The biochemical nature of the interaction between the two hormones is not known at the present time, but, given the protocol of the experiments and the time frame of the response, it would appear that the interaction between these hormones does not necessarily engage long-term adaptive pathways involving tissues other than the kidney.
Summary and Conclusions
Regulation of the serum and tissue concentrations of inorganic phosphate requires fine control of the rates of excretion of phosphate in the urine, a process mediated by the three hormones under discussion. PTH, dopamine, and FGF-23; all acutely decrease the abundance of the major sodium-dependent phosphate transporter in the apical membrane of the proximal convoluted tubule of the kidney and inhibit the renal tubular reabsorption of phosphate (Fig. 1) . The PTH receptors as well as the dopamine D1-like receptors interact with the adaptor protein NHERF-1. Although an interaction between NHERF-1 and the PTH1 receptor is clearly documented, in some species such as the mouse, the presence of NHERF-2 in the apical membrane may be sufficient to support near normal activity of this receptor (12, 27, 28) . By contrast, NHERF-1 is absolutely required for signaling by dopamine D1-like receptors in the kidney (50) . This is a somewhat surprising finding given that the C-terminal sequences of D1 and D5 would not necessarily predict a PDZ domain interaction. It is certainly possible that the binding of NHERF-1 to the D1-like receptors is indirect involving other proteins or represents a mode of binding not involving the PDZ domains. An initial study of FGF-23 signaling in renal tissue, on the other hand, indicates that NHERF-1 is not required.
NHERF-1 binds to the C terminus of Npt2a and, by mechanisms still under study, to Npt2c (41) . The Npt2a/NHERF-1 protein complexes appear to represent a unique pool of Npt2a subject to acute regulation by PTH, dopamine, and FGF-23 (Fig. 2) . Based on initial studies using pharmacological inhibitors of protein phosphatases and later studies using mutated forms of NHERF-1 expressed in NHERF-1 null proximal tubule cells, serine 77 of the first PDZ domain was identified as the major phosphate acceptor in the PDZ I domain and a critical determinant of Npt2a binding. The phosphorylation of serine 77 results in decreased binding of the transporter and dissociation of Npt2a/NHERF-1 complexes. The dissociation of Npt2a from NHERF-1, in turn, is a necessary event allowing Npt2a to be endocytosed from the apical membrane of proximal tubule cells, resulting in reduced reabsorption of filtered phosphate. Thus, from the initial observation that phosphate transport in NHERF-1 null proximal tubule cells was resistant to inhibition by PTH, we have proposed a new model whereby PTH, dopamine, and FGF-23 target the PDZ I domain of NHERF-1 to modify serine 77 in the ␣-helix of the putative binding domain of Npt2a, causing the dissociation of Npt2a from NHERF-1. The freeing of the Npt2a transporter from NHERF-1 permits its association with other proteins that facilitate its retrieval, reduce its abundance at the apical membrane of proximal tubule cells, and reduce the renal tubular reabsorption of phosphate. , on the other hand, is not known and is shown for illustrative purposes only. PTH, dopamine, and FGF-23 all require the phosphorylation of serine 77 to inhibit phosphate transport in renal proximal convoluted tubule cells. PTH and dopamine also require the phosphorylation of threonine 95 to inhibit phosphate transport, whereas FGF-23 requires that threonine 95 not be phosphorylated. Fig. 1 . Summary of the biochemical pathways for parathyroid hormone (PTH)-, dopamine-, and FGF-23-mediated inhibition of phosphate transport in the renal proximal convoluted tubule. PTH interacts with the PTH1 receptor in renal proximal cells to activate PKC and PKA, resulting in the phosphorylation of sodium-hydrogen exchanger regulatory factor-1 (NHERF-1) and the dissociation of the proximal tubule sodium-dependent phosphate transporter (Npt2a) from NHERF-1. The unbound Npt2a transporter then interacts with other proteins that facilitate its endocytosis from the apical membrane, resulting in decreased phosphate transport. Dopamine interacts with renal D1-like receptors to activate the cAMP/PKA pathway, which, in turn, activates PKC. Like PTH, activated PKC phosphorylates NHERF-1 and dissociates Npt2a/ NHERF-1 complexes, resulting in decreased phosphate transport. FGF-23 activates MAPK and phosphorylates NHERF-1. The site-specific phosphorylation of NHERF-1 by FGF-23, however, differs from that of PTH and dopamine (Fig. 2) .
Our recent studies also suggest an important role for threonine 95 in the first PDZ domain of NHERF-1. Biochemical studies indicate that the phosphorylation of threonine 95 of NHERF-1 affects the phosphorylation of serine 77 by PKC (49) . The inhibitory effect of PTH and dopamine on renal phosphate transport requires the phosphorylation of threonine 95 . Modification of this residue does not directly affect Npt2a binding to NHERF-1 but is required for PTH and dopamine to phosphorylate serine 77 . By contrast, the inhibitory effect of FGF-23 on renal phosphate transport is blocked nearly completely when threonine 95 is phosphorylated. The details of the differences between the role of threonine 95 modifications and the actions of PTH and dopamine compared with FGF-23 are not known, but it is of interest to speculate that threonine 95 acts as an on-off switch or molecular rheostat to coordinate the effects of three hormones critically involved in phosphate homeostasis. When threonine 95 is phosphorylated, the actions of PTH and dopamine would be enhanced while that of FGF-23 would be reduced. Under circumstances where threonine 95 is not phosphorylated, the inhibitory effect of PTH and dopamine on phosphate transport would be blunted while that of FGF-23 would be facilitated. This postulate, however, has to be reconciled with our recent studies indicating that very low concentrations of FGF-23 and PTH synergize in renal proximal convoluted tubule cells to directly to inhibit phosphate transport. The interaction between low concentrations of PTH and FGF-23 involves the downstream signaling pathway of the PTH but not the FGF-23 receptor, which suggests a therapeutic strategy for the treatment of patients with FGF-23-mediated hypophosphatemia. Comparison of the differences between the biochemical events involved in PTH-mediated and dopaminemediated inhibition of phosphate transport and that mediated by FGF-23 indicates a new level of complexity in the hormonal regulation of renal phosphate excretion. It would be predicted that understanding of these differences might uncover additional regulatory pathways and suggest new therapeutic strategies.
